S U MM AR RY Ten patients with amputation of part of one arm have been studied electrophysiologically. In each patient the ulnar nerve was stimulated electrically in the amputation stump and at a corresponding level in the intact limb. Control observations were also made on 15 normal subjects. In the partially-amputated (PA) limbs the amplitudes of the centripetal ulnar nerve compound action potentials, after maximal stimulation of fast-conducting fibres, were markedly reduced in comparison with the results in control limbs. A small decrease in the mean impulse conduction velocity was observed in the population of PA limbs. In comparison with control observations, stimulation of the ulnar nerve in a PA limb evoked responses in the contralateral somatosensory cortex which were significantly diminished. Stimulation of PA limbs caused reflex excitation and inhibition of triceps motoneurones similar to that observed in control subjects. In the intact limbs of the amputees, however, inhibition was reduced, possibly as a consequence of overuse. It is concluded that the receipt of an input from the periphery is essential for the functional integrity of most motor and sensory nerve axons, and probably for fibres in the dorsal column-medial lemniscus pathway.
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One well-tried approach to the study of neurotrophic phenomena is to observe the changes which ensue when one population of neurones is deprived of its synaptic linkage with another or, in the case of the peripheral nervous system, when the connections with the periphery are severed. It is already evident that among the factors affecting the outcome of such experiments are the species and age of the experimental animal, the nature and duration of the disruption, and the neural system under study (for review see Drachman, 1974) . In view of such variability it is still necessary to consider new evidence on particular populations of neurones. In the present study we have attempted to delineate some of the central effects which follow amputation of part of a human limb. Apart from the interest afforded by studies of man, there is the possibility of being able to examine the results of lesions of many years duration. A further advantage, common to all amputation studies, is that the removal of limb tissue prevents any complications caused by reinnervation. A brief account of this work has been given elsewhere (McComas et al., 1978) .
Subjects and methods
Experiments were performed on 10 patients, nine of whom had previously undergone amputation of part of one arm. In eight instances the operation had been performed below the elbow; the length of the stump below the tip of the olecranon was measured in each case (Table 1 Giblin, 1964 (Fig. 1) . Similar discrepancies between the intact and PA sides were observed in the patient in whom recordings were made from the supraclavicular fossa, after ulnar nerve stimulation, and in one patient in whom the median nerve was also examined. An example of the reduction in amplitude of the action potential on the side of the amputation is given in Fig. 2D . In this patient it can be seen that the response in the PA limb was dispersed in relation to the control recording, the intervals between the onsets and terminations of the negative waves being 3.9 and 1.4 ms respectively. This degree of temporal dispersion was exceptional for in other patients the extra duration of the negative component did not exceed 50% of the control value, the mean increase being 24%. In contrast to the measurements of potential amplitude, the impulse conduction velocities were reduced to lesser extents in the PA limbs (Fig. 1) . This reduction became statistically significant when the population of normal subjects was used for comparison (Table 2 ). (Table 3) . When the ulnar nerves in the PA limbs were stimulated the cortical evoked responses differed from the control observations in having significantly smaller N1-P, components (mean 1.4±:
NL-PL
1.4 ,uV). In four patients, including the one whose results are shown in Fig. 2 , it was not possible to discern an early component at all, while in the remaining six the responses were smaller on the side of the head opposite to the amputation (Fig. 3) . Although the latencies of these abnormal responses tended to be slightly longer than the control responses, the mean difference was nol significantly different (Table 3) . In contrast to the earlier deflection, the NL-PL response was better preserved contralateral to the amputation and could be detected in every patient, the mean value being 6.2+42.5 ,tV (range 1.4 to 11.4 ,uV); this value was nevertheless significantly less than the control mean (Table 3) .
TRICEPS RESPONSES
Electrical stimulation of the skin or of a cutaneous nerve affects the excitability of motoneurones innervating the same limb, the pattern of motor unit response depending on the muscle and sensory nerve selected for study (Hagbarth, 1952; Caccia et al., 1973) . Similarly, pronounced reflex effects have long been known to follow stimulation of sensory fibres emanating from receptors in the muscles spindles and Golgi tendon organs. In the present study, repeated maximal stimuli were applied to the ulnar nerve below the elbow bul no attempt was made to identify the contributions 4-3. A rough comparison of the respective amounts of inhibition and excitation on the two sides was made from the averaged recording of the rectified EMG activity in the triceps muscle (see Methods). Considerable variation was found in the extent of inhibition and excitation between control subjects, but, for inhibition at least, the results in any one subject were reasonably symmetrical (Fig. 4) .
The results in the 10 patients differed in that inhibition and excitation were nearly always more prominent on the side of amputation (Fig. 4) . Although in five of the 10 amputated limbs the inhibition was complete, inspection of Table 4 shows that the reason for the discrepancies between the two sides was that inhibition was significantly less than normal on the intact side; in contrast, excitation tended to be enhanced on the side of the lesion, though not significantly so. Fig. 4 Symmetry of excitation and inhibition in triceps motor units. For each control subject the excitatory or inhibitory value for the right arm has been divided by the corresponding result for the left arm. For patients, the value for the PA limb has been expressed in terms of the "intact" limb. Asymmetry is indicated by values other than unity. Symbols as for Fig. 1 .
Discussion
Since the observations of Berard (1829) (Dostrovsky et al., 1976; Millar et al., 1976) . In the present study we have made three types of observation after stimulation of the nerve stump: (a) impulse conduction in the divided fibres, (b) reflex effects on intact motoneurones, and (c) cortical somatosensory evoked responses.
PERIPHERAL NERVE RECORDINGS
The most obvious feature of the compound action potential recorded from the peripheral nerve stump was the striking reduction in its amplitude when compared with results on the normal side. This reduction amounted to almost 90% when the mean values for the normal and amputated sides were compared. That there was no correlation with the duration of the nerve severance in the present study suggested that most of the change had occurred before the earliest of the present observations (two years after injury). Serial studies, starting immediately after amputation, would be necessary to confirm this deduction. Although some of the reduction in response amplitude may have been due to impulse dispersion (see Results and Devor and Wall, 1976) , the magnitude of the attenuation suggests that there may also have been losses of excitable fibres in the nerve stumps. That some of the surviving fibres are sensory is evident from their ability to cause reflex activity in triceps motoneurones and to evoke responses in the somatosensory cortex. The proportion of these fibres in the surviving population was not determined and it is not clear whether function was preserved in any a-motor fibres; single unit records (Vallbo and Hagbarth, 1968) from the nerve stump would obviously be informative. So great was the loss of excitability, however, that it must have involved cutaneous and propioceptive sensory fibres as well as motor ones. It is also evident that the loss of excitability far exceeded the proportion of axons which have been observed to undergo retrograde degeneration, as judged with the light microscope, after nerve section in mammals (Ranson, 1906; Bucy, 1928; Kiraly and Krnjevic, 1959) .
In relation to impulse conduction velocity, we found a slight reduction in surviving fibres, confirming most previous observations (Eccles et al., 1959; Kiraly and Krnjevic, 1959; Cragg and Thomas, 1961) .
SOMATOSENSORY EVOKED CORTICAL RESPONSES
The components of the response which can be recorded from the scalp overlying the contralateral somatosensory cortex in man in the first 200 ms after peripheral nerve stimulation are mediated by the dorsal column-medial lemniscus pathway (Halliday and Wakefield, 1963; Giblin, 1964) . In the present study the components identified as the N1-P, deflection were significantly diminished, after stimulation of PA limbs, in comparison with responses evoked by excitation of normal peripheral nerves. It was possible that the reduction in response was entirely due to the profound loss of conducting sensory fibres demonstrated in this study. Ho'wever, in additional experiments in which the nerve volley on the normal side was reduced to match that on the amputated side, the early cortical components were still comparatively reduced contralateral to the lesion. These last observations suggested that there may have been degeneration in the dorsal column pathway; such degeneration has been observed in some of the anatomical studies (Barratt, 1901) .
Although later parts of the somatosensory cortical evoked response were also diminished contralateral to the amputation, the reduction was much less than that of the earlier components. This discrepancy might have meant that there had been less degeneration in rostrally situated neurones in the dorsal column-medial lemniscal pathway, but it might also have reflected the steeper rise of the input-output curve for the later components of the cortical response (unpublished observations).
REFLEX STUDIES
Rather surprisingly, reflex modulation of activity in triceps motoneurones could be readily demonstrated in amputated limbs, even though fewer sensory fibres had been activated by the maximal stimuli than in the intact limbs. It is possible that spontaneous impulse activity arising in neuromata (Wall and Gutnick, 1974) may have helped to maintain effective synaptic connections within the polysynaptic pathways responsible for these reflexes. A quite unexpected finding was that inhibition was significantly diminished in the "intact" arms of our patients. Since it has not been possible to demonstrate any contralateral reflex effects on triceps motor units after peripheral nerve stimulation in normal subjects, it seems unlikely that the changes on the intact side are secondary to loss of a tonic inhibitory influence from the partially amputated limb. A more attractive possibility is that excessive use of the intact arm, after contralateral amputation, modifies the effectiveness of certain synaptic pathways. In keeping with this suggestion is the observation by Eccles and McIntyre (1953) , that monosynaptic reflex activity in extensor motoneurones of cats is enhanced in segments of spinal cord adjacent to those affected by dorsal rhizotomy; these authors postulated that increased usage was responsible.
Two further points deserve mention. Of the 10 patients studied, the one who gave the least abnormal results was a 19 year old man with a congenital absence of the forearm and hand. Although it is dangerous to speculate from a single observation, it seems possible that the congenital absence of target tissue (skin and muscle) may have less damaging consequences for the central nervous system than the deprivation of previously innervated structures. Finally, the severe loss of conducting motor axons after amputation must be taken into account in attempts to use efferent impulses in the nerve stump as a triggering mechanism for movements in a limb prosthesis (cf. Mannard et al., 1974) .
